The DSSAT-CROPGRO model was used to characterize phenology and cultivar coefficients of cowpea treated with diluted human urine (equivalent to 60 kg-N/ha), simulated under ten irrigation schedules for a 5 year production period in Juba County of Central Equatoria State, South Sudan. Two treatments (T 0 ) without urine and (T 1 ) with human urine dilution during the growing season of 2016 were used and, 5-years model simulations on the grain number/m², LAI, canopy height (m) and pod number/m² compared. Irrigation schedules were carried out once the volumetric soil moisture content measured using the Theta Soil Moisture Probe was close to 15%. Results showed that cultivar coefficients EM-LF, FL-LF and FL-SH for both T 0 and Y2015 (calibrant) were on average 6-8 days shorter than under T 1 . Also, the SIZLF under T 1 was about 8-17% greater than under both T 0 and calibrant Y2015 indicating the significance of diluted human urine on cowpea cultivar coefficients and phenology. The model also gave good agreement between observed and simulated growth parameters with low RMSE of the pod nr/m² at 17 for T 0 , and 37.5 for T 1 , the RMSE for grain nr/m 2 was 360 kg for T 1 , and 347 kg for T 0 , whereas the RMSE of LAI showed no significant difference. The d-indices in estimating LAI and canopy height were generally low and showed the largest errors than for pod nr/m² and grain nr/m². The results showed that the model satisfactorily simulated and underscored the significance of diluted human urine on both phenology and cultivar coefficients of cowpea.
INTRODUCTION
Cowpea is one the major food crops in Central Equatoria State of South Sudan and an indispensable source of cheap and easily available plant protein. The young and tender leaves are consumed traditionally as nete while the ripened and mature seeds as pirinda (Lomeling and Abbass, 2014) . In the presence of irrigation water, cowpea can be produced in small farms or household backyards during any time of the year. It is a highly remunerative crop with price increase several times its normal value especially during the annual "hunger spells" of mid-July to Mid-August. However, increasing price of potable water and the large influx of Internally Displaced Persons (IDPS) due to current civil war, cowpea production per household has significantly decreased within and around Juba municipality. Similarly, cowpea production, as a cheap source of plant protein, is not only threatened by a reduced availability of irrigation water but also declining soil fertility caused increased and excessive removal of soil nutrients as well as reduction in soil functional properties (Lomeling et al., 2016a) . As a drought resistant plant, reduced irrigation is not necessarily a limiting factor, since soil moisture requirements during cowpea phenology show temporal variability between 15-30% (Lomeling et al., 2016b) . However, soil moisture contents <15% at any one developmental stage of growth has adverse effects on the germination rate, flowering, canopy height, pod-setting and maturity (Abayomi and Abidoye, 2009; Suliman and Ahmed, 2010; Souza et al., 2017) .
Reduction in cowpea yield is not only attributable to insufficient soil moisture during growth, but also to such abiotic stress factors like phosphate (P) deficiency (Goufo et al., 2017; Jemo et al., 2017; Fatokun et al., 2012; Agele et al., 2018) . Although Eutric leptosols are the major soil type around Juba County and can be perceived to be of moderate to good fertility, sustained cultivation over longer period without any concerted soil amendments may ultimately pose serious soil fertility challenges. The use of composted tannery sludge was found to sustain cowpea yield during a six-year period (Araújo et al., 2016) ; increased cowpea yield after application of biochar in loamy sand soil (Pudasainia et al., 2016) ; increased cowpea biomass after addition of nitrogen fertilizers (Hasan et al., 2010) . There´s much literature on the use of cow dung organic matter as a soil ameliorant (Adekiya et al., 2017; Nweke and Nsoanya, 2015; Nyatuame and Nartey, 2013; Tekwa et al., 2010) . However, current published data on the application of human urine (Sene et al., 2013; Ranasinghe et al., 2016; Tampio et al., 2016) as a viable fertilizer option are derived from short term studies and are insufficient to adequately assess the agronomic, economic and environmental implications. Human urine in diluted form can successfully be applied as an optional fertilizer for plant growth (Andersson, 2016) . However, one critical risk component in the widespread use of human urine across many developing countries of Sub-Sahara Africa would be the local and regional water scarcity. Water scarcity compounded by the erratic spatial and temporal rainfall distribution variabilities would make its use difficult or outright impossible. Thus, it is imperative, that knowledge on the spatial and temporal water availability and accessibility for most smallholder farmers who practice rainfed agriculture, be integrated into the respective country agricultural policies and implementation programs when evaluating the use of human urine. Moreover, farmers' willingness to adopt the use of human urine will depend not only on the available infrastructure in terms of hygienic storage, transportation and dosing, but also on the anticipated increased yields and profitability. Indeed, human urine is a cheap, readily available and considered as a stopgap option for subsistence farmers for whom subsidized industrial fertilizers are often not available, unaffordable and inaccessible. Such an intervention with human urine would not only achieve some annual yield increase to cater for immediate household food needs but also consolidate food security in terms of availing the daily needed cash flow.
To address the sustainable use of human urine as an environmentally and ecologically viable option for most households in Sub Sahara Africa, systematic research and long-term field tests need to be carried out and simulations conducted with dynamic crop models such as the CROPGRO of the DSSAT (Jones et al., 2003; . Not only can the model be used to assess crop yield and economic returns for a range of different soil and water management strategies, but also to assess environmental impacts in terms of nitrogen loads leached into groundwater as a result of excessive human urine application. Unlike most field trials that describe the causality between fertilizer application amounts and yield, no studies have so far attempted to model crop response to human urine application and dosing.
The application of DSSAT-CROPGRO model for cowpea is therefore an indispensable ex ante analysis tool. The CROPGRO module has been successfully demonstrated across a broad range of soil, management and climatic conditions in tropical environments (Banterng et al., 2010; Bastos et al., 2002; (Nkulumo et al., 2015) .
It also can be used to assess the type of promising or similar climate smart technologies whose "low scale" investments are not only remunerative, but also financially affordable as is the case for most smallholder farmers in South Sudan (Singh et al., 2016) .
Model projections during simulations can be used as basis for long-term actionable trends in terms of assessing food demand and agricultural production based on projected changes in population, income, technology, and climate (Robinson et al., 2015) .
Examples on the use of CROPGRO models have been reported in several studies on bean by Oliviera et al., 2012) ; on safflower by (Singh et al., 2016) ; on faba bean by (Boote et al., 2002) ; on peanut by (Halder et al., 2017) .
For most smallholder farmers in South Sudan, the erratic rainfall patterns experienced every year prior and during each planting season are inexplicable weather phenomena. However, most farmers do acknowledge a gradual shift in both amounts, patterns and intensity of rainfall over the last 20 to 30 years. Generally, the recent rainfall forecasts reported for example by (FEWSNET, 2018) within the East African region, are mostly limited to short-term one to three months lead time. South Sudan still lacks a good infrastructure, network of weather stations as well as skilled personal to capture and store weather data in real-time. The absence of such important historical weather data therefore makes any long-term predictions on rainfall occurrence, amounts and intensity difficult. The CROP-GRO model requires daily, monthly or annual rainfall amounts as an input variable, thus, simulation of crop yield for most parts of South Sudan in the absence of such relevant data may simply be a speculative exercise. In our study, we sought to simulate the response of cowpea to human urine application under irrigation conditions using DSSAT-CROPGRO model on phenology, yield and some cultivar coefficients. This study is a novelty and the first of its kind in South Sudan and a further step towards scientifically consolidating the application of human urine as a viable organic fertilizer alternative. Furthermore, the paper tries to address the question, whether or, not simulation will expand our understanding of plant-fertilizer interactions and how this could eventually be integrated in cowpea crop production systems.
The simulation reported in this study is one of the first studies in South Sudan applying the CROPGRO-DSSAT model for evaluating the effects of human urine (as an organic fertilizer) application on crop phenology and yield. Furthermore, the paper tries to address the question, whether or, not simulation will expand our understanding of plant-fertilizer interactions and how this could eventually be integrated in cowpea crop production systems.
MATERIALS AND METHODS

Study region
The experimental study was conducted as from May till September 2015 at the Demonstration and Research Plots of the Department of Agricultural Sciences, University of Juba. The study area is located in Juba County, Central Equatoria State at 4°51´33 N latitude, 31° 34´ E longitude and at elevation of about 500 m above sea level. The climate is sub-tropical with mean annual rainfall of 800-1200 mm and a predominantly unimodal distribution. About 80-90% of the rainfall occurs during the rainy months (April-October) with a short dry spell around July. The soil (Eutric leptosol) is sandy loam in texture, mild acidic to alkaline in reaction (pH 6.5 -7.5), low organic carbon by weight (0.55%), CEC in soil (14 cmol/kg) ( Table 1 , 2).
Experimental design and treatments
The experiment was a Randomized Complete Block Design (RCBD) with two different treatments with five replications each and was conducted from May to September 2015. Each trial was arranged in four randomized complete blocks.
Traditional agricultural practices of tillage, seed bed preparation and pest control against aphids, grasshoppers, leaf sucking bugs using ashes from burnt plant leaves were applied. Occasionally, a broad-spectrum pesticide Malathion with application rate of 0.5 l/ha was applied, where the traditional pest control method proved ineffective. Each plot consisted of 5 rows, 2.5 m long, with a spacing of 30 cm between plants and 50 cm between rows. The size of each plot was 5.4 m² with seeds drilled at a sowing depth of 5 cm and density of 30 plants/m 2 . The control treatment (irrigation water + No human urine) was designated as T 0 while (irrigation water + human urine: 2 liters per 20 liters David Lomeling and Salah Joseph Huria /Arch. Agr. Environ. Sci., 4(4): 369-378 (2019) water) as T 1 . The calculated N-fertilizer amount from T 1 was about 60 kg/ha. Urine from the test person was collected every two days in a 500 ml plastic bottle and mixed with normal water and later kept in a cool dry place until use. Since the overall composition of urine collected was subject to change depending on the nutritional status of the test person, no analytical test on the chemical composition of the urine samples was conducted.
Irrigation under both treatments was done once the soil moisture level reached about 15%v/v and was measured using (Hunt et al., 1993) . In our study, eight morphological traits were selected and calculated by running GENCALC to obtain the best range i.e., the photothermal days from emergence to first flower (EM-FL), from first flower to end of leaf expansion (FL-LF), from flower beginning to pod setting (FL-SH), maximum size of leaf (SIZ-LF), maximum weight per seed (WTPSD), average seed per pod (or pod nr: SDP-DV), photothermal days from seed beginning to physiological maturity (SD-PM) and relative plant/ canopy height (R-HIGHT).
Model calibration
The CROPGRO-Cowpea module uses different cultivar coefficients (EM-LF, FL-LF, FL-SH, SIZLF, SDPDV, SD-PM, RHIGHT) amongst others to describe the different phenological stages as a function of time. The CROPGRO-Cowpea model was calibrated for the cowpea cultivar UCR368 with data obtained from May to September 2015 cropping season, to underpin the mod-el´s relevance and application in the region under the current prevailing pedogenic, hydrological and climatic conditions. This was iteratively done through a manual trial and error method, to determine the best possible match between the observed and simulated values to the different default morphological traits obtained from previously grown cowpea cultivar. The values were adjusted to have minimum root mean square error (RMSE) between simulated and observed data. In our study, we used four growth parameters; pod nr/m², canopy height, Leaf Area Index (LAI) and grain nr/m² to evaluate model performance.
Model performance statistics
Model performance for each morphological trait was assessed by comparing the mean simulated with the corresponding measured values based on the Root Mean Square Error (RMSE) and the Index of Agreement or d-stat (d) (Willmott et al., 2012) . It was assumed that the best model performance between simulated and measured values was when it gave the lowest RMSE and correspondingly high d-value close to 1. The RMSE was computed using the following equation:
and Where,
Where n: number of observations, Pi: predicted value for the ith observation or measurement and Oi: observed value for the ith measurement, is the observed mean of all measurements. Table 3 shows the result of the comparison of observed values during phenology calibrated against those of 2015. The observed times for the genetic coefficient (EM-LF) for T 0 was 4 photothermal days (PD) shorter, but for T 1 was 5 days longer than the calibrated value of 2015. The observed EM-LF for T 1 treatment showed the highest value than either T 0 treatment or calibrated value of 2015 (irrigation schedules without urine addition). The effect of human urine (T 1 ) appeared to enhance further vegetative growth thus extending the photoperiod to the onset of first flowers. Meanwhile, the observed times for FL-LF was between -6 and +16 PD compared to the calibrated value of 2015 were higher and showed similar effect of human urine (T 1 ) on R1 and leaf expansion. For FL-SH, these were +4 photothermal days for T 1 than either T 0 or the calibrated 2015 value. The difference between observed maximum leaf area attained at the 8 th trifoliate stage (SIZLF) varied between -9 and -14 PD to the 2015 calibrated value. The WTPSD, SDPDV, SD-PM and RHIGHT all showed similar trends of T 1 values higher than either T 0 or the calibrated 2015 value.
Comparisons of the cultivar coefficients between T 0 , T 1 and the Y2015 calibrant showed that both T 0 and Y2015 calibrant had about 6-8 days shorter EM-LF than T 1 , suggesting that under T 1 , the plants required more days for vegetative growth prior to the start of the reproductive phase. A similar tendency was observed for the FL-LF and FL-SH traits that varied between 5-6 days respectively. The SIZLF by T 1 was relatively larger and varied between 8 to 17% more than both T 0 and Y2015 calibrant. There was no significant difference (p<0.05) in the WTPSD under both treatments as well as with the calibrant, but rather in the number of seeds per pod that was slightly higher in T 1 than either T 0 or Y2015. Although both treatments were subjected to equal and timely irrigation schedules, the longer vegetative expansion process resulting into elongated nodes, larger leaf size and subsequently greater canopy height in T 1 than T 0 is attributable to the effects of N-contained in the diluted urine.
On the contrary, T 0 had lesser vegetative growth, smaller SIZLF, lower RHIGHT, SDPDV and consequently lesser amount of accumulated dry matter. From an agronomical and plant physiological perspective, T 0 appears to have low determinacy than T 1 .
Under T 1 with larger SIZLF, there was presumably greater partitioning and accumulation of dry matter to the reproductive organs as shown by the relatively larger WTPSD and SDPDV (Table 3 ) which subsequently would give higher yield. Although the cowpea UCR368 is considered as a determinate cultivar, the physiological and phenological changes in the morphological traits induced by N-addition give it an indeterminate growth character. 
Growth and yield parameters T 0 T 1 Error and d-index values
Year 1 Year 5 374 David Lomeling and Salah Joseph Huria /Arch. Agr. Environ. Sci., 4(4): 369-378 (2019) 
Phenological parameters
Comparisons of phenology parameters between predicted and observed values for Year1 and Year 5 simulations were based on RMSE and d-values for both T 0 and T 1 treatments. On average, simulations of the Pod nr/m² for T 1 treatment for Years 1 and 5 showed RMSE values that were between 53-55% higher than T 0 in the respective years ( 
Model application
Effect on canopy height: The effect of human urine treatment (T 1 ) on canopy height during the first 39 DAP showed that although there was some morphological difference to (T 0 ), this was not significant (p<0.01). The canopy height under both treatments during this vegetative stage was similar to the calibrant Y2015 at about 0.2 m. Canopy height increased thereafter to about 0.6 m for both treatments. On average, the canopy height under T 1 40-60 DAP was 5-12% higher than both under T 0 or that of the calibrant (Figure 1 ). This gain in canopy height as shown by genetic coefficient (RHIGHT) could be attributed to the continued growth during vegetative stage enhanced by the application of human urine. This was between 68-79 cm under T 1 and 62-72 cm under T 0 (Table 3) . On the contrary, findings by (Ndiso et al., 2018) while working on cowpea-maize intercrops showed that N-application decreased cowpea canopy height than for maize. The N-application enhanced canopy height in maize giving it a competitive advantage by shading the cowpea plants (Dahmardeh et al., 2010) . This, therefore reduced photosynthetic activity of the cowpea intercrop. Although not part of our investigation, the combined effects of such macronutrients like phosphorous, potassium as well as other micronutrients contained in the urine (T 1 ) must have enhanced canopy growth relative to T 0 . Such positive effects on biomass increase in okra plants was reported by (Akpan-Idiok et al., 2012) ; and on corn by (Araújo et al., 2015) .
Effect on pod nr per m²:
The CROPGRO cowpea model overpredicted and gave high estimates of the pod nr/m² under both T 0 and T 1 conditions (Figure 2) . Rapid pod nr/m² increase for T 0 was between 55 to 61 DAP while this was between 60 to 65 DAP for T 1 . Both slightly increased at a decreasing rate till maximum pod nr/m² was reached at 75 and 82 for T 0 and T 1 respectively, at 80 DAP. Results of our study are consistent with those of (Ton and Anlarsal, 2018) who however, used different plant densities and genotypes. The pod nr/m² was affected by application of human urine, but not the time for pod setting that apparently should have been further delayed due to enhanced vegetative growth under T 1 . Similar observation in increase in pod nr/m² after N-application was reported by (Elowad and Hall, 1987) .
The observed and simulated pod nr/m² clustered slightly above the 1:1 line. The size of RMSE for T 0 and T 1 were 17 and 37 and d -indices at 0.54 and 0.55, respectively, indicating that the model did not explain most of the variations in either cases. In Year 5, the observed and simulated pod nr/m² under T 0 clustered more closer to the 1:1 line and gave better prediction. This reduction in pod nr/m 2 could be due to increased N fixation resulting from accumulation of N in the soil caused by additional application of human urine especially prior to flowering.
Effect on Leaf Area Index (LAI):
The development of the observed LAI appeared to be poorly simulated or, was overpredicted in the first 10-35 DAP just between the 2 nd and 5 th trifoliate stage at the time of intense vegetative growth, but well especially between 40-79 DAP just prior to flowering till physiological maturity. The LAI under T 1 was generally higher than T 0 for most part of the phenology while leveling out after physiological maturity at 82 DAP as in Figure 3 . The steep decline in LAI at 60 DAP would suggest a reduction in overall transpiration surface of the plants due to increased senescence with subsequent defoliation. The model overpredicted the LAI. Figure 3 shows, the variability of LAI during different phenological stages. David Lomeling and Salah Joseph Huria /Arch. Agr. Environ. Sci., 4(4) : 369-378 (2019) (Figure 4) .
Grain yield and urine fertilizer application
The observed grain number/m² for T 0 , T 1 and calibrant Y2015 were 855, 965 and 789, respectively. The difference between each treatment to the calibrant were 56 or 7.1%, 176 or 18.2% for T 0 and T 1 , respectively. The results of the five-year simulation with CROPGRO cowpea showed that the grain number/m² under T 1 treatment to the calibrant Y2015 was on average higher at around 944 or 15.8%, while this was at about 785 for T 0 , equal to or less than that of the calibrant . Implications are that, both the observed and simulated results under T 1 were comparatively higher than those under T 0 . This clearly underpins the long-term effects of human urine as fertilizer on grain number and consequently on cowpea yield. The results of our study confirm the findings of earlier studies on the positive effects on N-application on pods/m², seed weight and yield of cowpea (Elowad and Hall, 1987) .
However, the presence of other macro-and micro-nutrients contained in the urine should not be underrated especially in influencing the phenology or morphological traits of cowpea.
Conclusion
The five-year (2015-2020) CROPGRO simulation results of cowpea on growth parameters and cultivar coefficients under both treatments found higher correlation coefficients (r²), with the observed and predicted values when measured in terms of the RMSE and d-indices. Whereas the canopy height under both treatments was underpredicted, the pod nr/m² and grain nr/m² were all overpredicted with LAI showing the best prediction results. The DSSAT-CROPGRO model calibration with Y2015 under T 1 was successful especially for both pod and grain number/m², but less satisfactory for LAI and canopy height.
Despite these discrepancies, the CROPGRO model can be used in the long-term in predicting phenology, estimating yield and morphological traits of cowpea under the test conditions at the experimental site. This research study showed the positive benefits over 5 years, on the use of diluted human urine as a cheap N-fertilizer. However, there´s still need to conduct further field and simulation tests on the long-term effects of N-fertilizer application on cowpea phenology under the same site conditions that can be calibrated and validated.
